Abstract
Introduction
With explosive increasing of communication traffic demand, the global information and communication technology (ICT) industry has consumed a fraction of the worldwide energy ranging between 2%-10% [1] . And the energy consumption of wireless and mobile networks is growing much faster than ICT on the whole. So more and more researchers have focused on improving the energy efficiency of cellular network, wireless sensor network and mobile ad-hoc network, such as the related works in [2] [3] [4] .
Femtocell is consumer installed wireless data access point providing broadband coverage to indoor users, and potentially promises energy savings, since it reduces the required transmission power by shorten the propagation distance between nodes [5] . In order to cope with interference issues, orthogonal frequency division multiple access (OFDMA) femtocell is a more promising solution than code division multiple access (CDMA), mainly due to its robustness to multipath and channel variations in both frequency and time domains for the avoidance of interference [6] . However, the energy consumption of femtocell will become a pressing issue in the future. According to ABI Research, more than 36 million femtocells are expected to be sold worldwide by the end of year 2012. And the total energy consumption of all femtocells will be 3.784×109 kWh/annum (assuming 105.12 kWh/annum per femtocell) [7] . Thus, efficient methods are required to improve the energy efficiency of two-tier femtocell networks.
The power consumption of base station (BS) usually consists of two parts: static power consumption (or fixed site power), which is consumed already in an empty BS, and dynamic power consumption (or radiated power) depending on the load situation [8] . We mainly focus on improving the energy efficiency of radiated power of macro and fentocell BSs in this paper. Wei W. et al. [9] analyzed the energy efficiency and area energy efficiency of two-tier networks with macro and pico cells. Similarly, H. Ying et al. [10] analyzed the relationships of power consumption, capacity and install rate of femtocells, and users' quality of service (QoS). Furthermore, some methods to optimize the energy efficiency of femtocell networks were also proposed, such as controlling idle or sleep mode behavior of femtocell by user activity detection [7] , and grouping-based Low Duty Mode in IEEE 802.16m femtocell networks [11] , and an energy efficient spectrum allocation strategy in marco-femto cellular networks to approach the minimal downlink energy consumption proposed in [12] .
Power control is an effective method to mitigate interference in femtocell networks [13] [14] . And the main performance indices of power control are including outage, throughput or spectrum efficiency. To the best of our knowledge, the energy efficiency of power control has not been deeply investigated. In this paper, we firstly analyze the energy efficiency of two typical power control methods: fixed power setting (FPS) where all macrocells and femtocells transmit at their highest available transmit power, and minimum power consumption (MPC) methods. The energy efficiency of them is not so good. Thus, we propose an effective power control method, maximum energy efficiency (MEE) method, and find the optimal solution with augmented Lagrange multiplier method. The average transmission power consumption, average throughput and energy efficiency of the three power control methods are also analyzed through system level simulation.
The reminder of this paper is organized as follows: Section 2 describes the system model and assumptions. In Section 3 the energy efficiency of two typical power control methods are analyzed. The proposed distributed MEE power control method is presented in Section 4. Section 5 gives the simulation results and performance analysis. And finally the concluding remarks are given in Section 6.
System model and assumptions
We consider the downlink operation of two-tier networks comprising L macrocells
For each macrocell, a base station (BS) locates at the center of hexagonal coverage area. Macro users randomly distribute in the whole network, with some probability being indoors. In the OFDMA system, the available bandwidth is divided into orthogonal subchannels (resource blocks). We assume that the macrocells and femtocells operate on the same frequency band and with the same amount of available subchannels. The BS allocates the S subchannels 
We impose a per subchannel constraint on the maximum power, that is, the transmission power of each subchannels must be lower than the maximum power max M P for macrocelll and max F P for femtocelll, respectively.
For a given slot in the downlink transmission, the signal to interference plus noise ratio (SINR) of macro user u scheduled on the n-th subchannel in macrocell B i , denoted as ,
where , 
where W is the bandwidth of each subchannel. And β is called the SNR gap, which indicates the gap of SNR that is needed to reach a certain capacity between practical implementation and information theoretical results. For the QAM modulation, , 1.5 / ln (5 ) e n P   
, and , e n P is the target bit error rate.
Based on the definition in [9] , the energy efficiency of two-tier femtocell networks can be formulated as 1 1
Energy efficiency of two typical power control methods
In this section, we analyze the energy efficiency of two typical power control methods: fixed power setting and minimum power consumption.
Fixed power setting method
The fixed power setting (FPS) is the baseline scheme where each macrocell and femtocell transmits at its highest available transmit power, and applies uniform power allocation over all subchannels. According to formula (1)- (5), we can calculate the energy efficiency of FPS method as
Using the inequation log 2 (1+x)≤ x, the upper bound of energy efficiency for FPS method can be obtained as 
where max max
When the cross-tier interference is negligent, transmitting at maximum power can obtain good SINR performance, and also lead to good energy efficiency. However, the energy efficiency of FPS method will become worse, especially in dense deployment scenario. Because all the BSs in two-tier networks transmit at maximum power, the severe interference between BSs results in the throughput degradation of users. Accordingly, the energy efficiency of the whole networks also decreases. So, the effective power control methods are needed to drastically reduce energy wastage and improve energy efficiency.
Minimum power consumption method
In order to reduce the energy consumption of two-tier femtocell networks, it is possible to minimize the power consumption by power control. However, the QoS demand of users should be considered when saving the energy. And we model the minimum power consumption (MPC) method with SINR constraint for femtocell B j as follows:
, m a x , 1,2,3, ,
where we assume that all the macro and femto users have the same minimum target SINR, denoted as 0  . With Lagrange multiplier method, we can get the optimal solution for femtocell B j as follows:
With the same approach, we can get the optimal solution for macrocell B i as follows:
So we can calculate the energy efficiency of the MPC method as follows:
Improving 
And the upper bound of energy efficiency for MPC method can be obtained as
, , , ,
The MPC method is effective to reduce the power consumption as far as possible. However, its energy efficiency is not always excellent, because it only meets the minimum target SINR of all users. If adding the transmission power of BSs will not result in unacceptable interference, more power consumption can transmit more users' traffic data, and create more worthiness. So the MPC method cannot improve the energy efficiency of two-tier femtocell networks. The effective power control method should obtain a good tradeoff between energy consumption and spectrum efficiency.
Distributed maximum energy efficiency method
Considering the objective of optimizing energy efficiency, and the minimum SINR constraint, the maximum transmission power constraint, we propose the distributed maximum energy efficiency (MEE) power control method, that is, each macrocell and femtocell dynamically adjusts the transmission power of its available subchannels to individually maximize its energy efficiency. And the MEE power control problem for femtocell B j can be modeled as follows:
It is an optimization problem with 2S constraint conditions, and cannot find the optimal solution directly. Based on the augmented Lagrange multiplier method, the parameter σ and two Lagrange multiplier vectors, 
Then the MEE power control problem can be transformed to an optimization problem without any constraints as max ( , , )
Note that, the MEE power control problem for macrocell B i can also be transformed as follows:
The distributed MEE power control algorithm for each femtocell can be described as follows. And each macrocell adjusts the transmission power of its available subchannels with the same method as proposed for femtocell.
Step 1: Initiation. Set the initial transmission power vector (0) Step 2: Each femtocell solves the following optimization problem with power vector
and get the solution
Step 3: If ( ) k F j P meets the following two conditions:
then stop the power control procedure. Otherwise, go to Step 4.
Step 4: Update the multiplier vectors as following
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Note that, the value of parameter σ can affect the convergence properties of the iterative procedures. If it is not a convergent procedure or the convergence speed to the optimal solution is too slow, we should increase the value of σ as following, and then try to find the optimal solution again.
where a >1 is a positive constant. Considering the problem (22) has S variables, we adopt the Conjugate Gradient (CG) method to get the solution
The CG method is particularly useful for optimization problems with very many variables because it does not require the storage of any matrices [15] .
Simulation and performance analysis

Simulation assumptions and parameters
We apply the system level simulation assumptions and parameters given in 3GPP specification [16] . The femtocell deployment method is modeled by Dual Strip Model. Fig. 1 depicts a block with two buildings. In our simulation, all users are uniformly dropped in the networks. The main system parameters are listed in Table 1 . For User Equipment (UE) to macrocell link, the path loss models are as follows [16] : (1) 2D,indoor are in meters, q is the number of walls separating apartments between UE and femto BS. L iw is the penetration loss of the wall separating apartments, which is 5 dB. The term 0.7d 2D,indoor takes account of penetration loss due to walls inside an apartment. L ow is the penetration loss of an outdoor wall, which is 20 dB.
Simulation Results and Analysis
In this section, we analyze the average transmission power consumption, average throughput and energy efficiency of the three power control methods through system level simulation, including FPS, MPC and MEE method. Fig. 2 shows the average transmission power consumption per user of the three power control methods with different number of femtocells. It is clearly observed that, in the single tier of macrocell networks, the average transmission power consumption per user is 4.0 W, 3.86 W and 2.47 W for FPS, MEE and MPC method, respectively. And the power consumption per user decreases along with more femtocells installed. The main reason is that the femtocells reduce the required transmission power by shorten the propagation distance between nodes, and lead to energy savings.
Compared with the FPS method, the MEE method can save about 14% power consumption, and saving about 37% for MPC method. So the MPC method can effectively reduce the power consumption of two-tier networks. However, the throughput and energy efficiency of the three methods need to be investigated carefully. Based on the system assumptions, the average throughput per user is depicted in Fig. 3 . It can be seen that, though the MPC method can effectively save the power consumption, its throughput performance is not so good, only about 2.96 Mbps. And for FPS method, the average throughput per user will increase quickly when more femtocells are installed with the number of femtocells lower than 210. However, the average throughput per user of the FPS method doesn't always increase and even begins to decrease fast, especially when the number of femtocells is more than 315. The main reason is that, all the BSs transmit at maximum power will create severe cross-tier interference, and the SINR degradation accordingly decreases the throughput of macro and femtocell users. And for the MEE method, its energy efficiency is the best one among the three methods, about 22.57 Mbits/Joule with 525 femtocells. And the energy efficiency of the MEE method will keep increasing with more femtocells installed. So it can be concluded that the MEE method can improve the energy efficiency of two-tier networks, and obtain a good tradeoff between the energy efficiency and spectrum efficiency. 
Conclusions
In this paper, the energy efficiency of different power control methods was researched. We analyzed the energy efficiency of the FPS and MPC method, and then proposed the maximum energy efficiency (MEE) power control method. Simulation results show that our proposed MEE method can improve the energy efficiency of two-tier femtocell networks, and obtain a good tradeoff between the energy efficiency and spectrum efficiency. The energy efficiency of MPC method is not high and increases very slowly even more femtocells are installed. Meanwhile, the energy efficiency of the FPS method will become worse in dense deployment scenario, because of severe cross-tier interference.
